Summary. Zinc content of testes, bones, esophagus, kidneys, and muscles was decreased, whereas iron content was increased in the testes of zincdeficient rats compared to restrictedly fed control rats. Histochemical enzyme determinations revealed reduced activities of certain enzymes in the testes, bones, esophagus, and kidneys. In the testes, lactic dehydrogenase (LDH), malic dehydrogenase (MDH), alcohol dehydrogenase (ADH), and NADH diaphorase; in the bones, LDH, MDH, ADH, and alkaline phosphatase; in the esophagus, MDH, ADH, and NADH diaphorase; and in the kidneys, MDH and alkaline phosphatase were decreased in zinc-deficient rats compared to restrictedly fed controls. Succinic dehydrogenase (SDH) revealed no significant changes under the conditions of our experiments in various groups of rats that were investigated.
Introduction
Raulin (1) in 1869 first showed that zinc was essential for the growth of Aspergillus niger. This was confirmed 40 years later by Bertrand and Javillier (2) , and in 1926 its essentiality for higher forms of plant life was established (3) . Various *Submitted for publication August 8, 1966 ; accepted December 15, 1966. Supported in part by U. S. Public Health Service grants AM 08142-03 and CA 02624, the Jennie Grogan Mendelson Memorial Fund, Detroit General Hospital Research Corporation grant M-16, and Nutrition Foundation grant 331.
investigators have reported growth retardation and testicular atrophy as a result of zinc deficiency in animal species such as rats (4, 5) , pigs (6) , calves (7) , lambs (8) , and dogs (9) .
In 1961, a group of 11 Iranian adult males were reported to show the following clinical features: iron deficiency anemia, hepatosplenomegaly, short stature, and marked hypogonadism (10) . Subsequently, in Egypt, similar patients were studied in detail and were demonstrated to have deficiency of zinc (11, 12) . It was suggested that growth retardation and hypogonadism in these subjects were possibly related to deficiency of zinc. Zinc supplementation in a number of dwarfs resulted in increased size of the external genitalia; appearance of pubic, axillary, and facial hair; and significant increase in their heights (13) . 549 The studies of Vallee (14) (14) (15) (16) . Analyses for various trace metals and enzyme activities in different tissues of zinc-deficient animals have not been carried out extensively in the past. The purpose of this paper is to report results of our analysis of various elements and enzyme activities in tissues of zinc-deficient rats. Our studies revealed that the zinc contents of several tissues were reduced significantly in zincdeficient rats, and, along with this, activities of certain enzymes were also decreased.
Methods
Weanling male albino rats (Holtzman strain) were maintained in stainless steel cages and given distilled water in glass bottles. Diets were fed ad libitum except in the restricted feeding study, in which the animals were kept in individual cages and the control animals received an amount of diet equal to the mean consumed by the deficient animals daily. The animals were weighed weekly for 6 weeks.
The basal diet (low zinc) contained the following (grams per kilogram): glucose hydrate (Cerelose), 666; corn oil, 90; C-1 assay protein, 150; minerals,1 50; phytic acid (54.3%), 7.3; vitamins; and methionine.2 This diet was calculated to contain 12% crude protein, 1.6% calcium, 0.6% inorganic phosphorus, and 1% phytate. The zinc content was determined to be 10 mg per kg. For the normal (high zinc) diet, 55 mg per kg of zinc as the carbonate was added to the basal diet.
In the first experiment, 18 rats served as ad libitum controls and 18 received a diet deficient in zinc for 6 weeks. Ten rats received zinc-deficient diet for 3 weeks, after which they received zinc supplement for 2 weeks (repleted group) ; in the sixth week they were sacrificed for tissue analysis.
In the second experiment, six rats served as restrictedly fed controls and six were made zinc-deficient for 6 weeks.
In another experiment (Figure 1 ), growth was studied in the following three groups of rats for 10 weeks: a) ad libitum controls, b) zinc-deficient rats, and c) rats on zinc-deficient diet for 5 weeks followed by zinc supplementation for 5 weeks (repleted group).
The animals were sacrificed by cardiectomy after ether anesthesia. The tissues were removed, washed several 1 The following minerals were supplied (grams per kilo- (17) .
Tissues from different groups of rats were analyzed for enzyme activities histochemically. We studied NADH diaphorase and lactic, malic, alcohol, and succinic dehydrogenases. Small pieces of tissue were frozen in a test tube and immersed in dry ice and acetone at -65°C. They were transferred to a Linderstrom-Lang cryostat and cut and maintained at -250 C until ready to be immersed in the substrate. The substrate for NADH diaphorase consisted of 5 mg NADH in 12 ml phosphate buffer (0.2 M, pH 7.5) and 3 ml of nitro blue tetrazolium (2 mg per ml H20). The substrate solution for lactic dehydrogenase consisted of 5 ml Ca L(+)-lactate (0.2 M) and 5 mg NAD in 7 ml Tris buffer (0.2 M, pH 7.4), and 3 ml nitro blue tetrazolium (2 mg per ml H20). The substrate for malic dehydrogenase consisted of L-malic acid (0.25 M) and 5 mg NAD in 7 ml Tris buffer (0.2 M, pH 7.4). The substrate solution for succinic dehydrogenase consisted of 5 ml disodium salt of succinic acid (0.1 M) in 7 ml phosphate buffer (0.2 M, pH 7.5) and 3 ml nitro blue tetrazolium (2 mg per ml H20). The in uba- 3 Virtis mechanically refrigerated Freeze Mobile, Virtis Co., Gardiner, N. Y. 4 (19) . Fresh-frozen and cold acetone-fixed sections were incubated in solutions containing para-toluidinium 5-bromo-4-chloro-3-indolyl phosphate or para-toluidinium 5-bromo-6-chloro-3-indolyl phosphate, depending on the desired color of the end product. The solutions were made specific for alkaline phosphatase by varying the pH of the buffer used for incubation. The incubating solution employed for alkaline phosphatase was as follows: 14.0 ml (0.1 M) Tris buffer (pH 8.4) containing 4.0 mg of spermadine trihydrochloride, 1.0 ml (0.05 M in dimethyl formamide) of substrate (para-toluidinium 5-bromo-4-chloro-3-indolyl phosphate or para-toluidinium 5-bromo-6-chloro-3-indolyl phosphate), and 1.0 ml of 0.005 M MgCl2. After incubation for 2 hours the slides were washed briefly in tap water and mounted in glycerol gel for microscopic examination. Results Table I shows the feed efficiency ratios of the restrictedly fed control and the zinc-deficient rats. From our data, it is clear that the zinc-deficient rats' feed efficiency was significantly poorer than the controls. Figure 1 shows the growth curves for the ad libitum controls and the zinc-deficient rats. The growth rate of the zinc-deficient rats was considerably less compared to the ad libitum controls. On repletion with zinc, the growth curve of the deficient group became similar to that of the ad libitum controls.
With the methods employed in our experiments, the recoveries of added zinc (0.5 to 3 Mug) to the various digested tissues (esophagus, testis, muscle, bone, and liver) were 100 + 5% (S.D. The changes in the zinc and iron contents of the various tissues of the ad libitum controls, the zinc-deficient group, and the repleted group are shown in Figure 2 . The zinc content of the testes, bones, muscles, esophagus, and heart was decreased in the zinc-deficient rats compared to the ad libitum controls. The zinc content of the liver showed no significant alteration. On repletion with zinc in the deficient group, the zinc content of the testes and bones increased significantly. Copper, magnesium, and calcium contents of the above mentioned tissues showed no significant changes in the three groups, except for copper in the heart, magnesium in the esophagus and the heart, and calcium in the liver (Table II) . Copper content of the heart of the deficient group was decreased compared to the ad libitum controls. Magnesium content of the esophagus and heart of the repleted group was higher compared to the deficient rats. The calcium content of the liver was increased in the deficient group compared to the controls. Measurable amounts of manganese were present in the liver only, and this was essentially unaltered in the three groups (ad libitum controls, 12 ± 4; deficient rats, 9 + 3; and repleted rats, 7 + 1 Mug per g dry weight). various elements in the tissues of the restrictedly fed control and the zinc-deficient rats. The zinc content of the bones, testes, muscles, esophagus, and kidneys was decreased and the iron content of the testes increased in the deficient group compared to the restrictedly fed controls. Copper, magnesium, and calcium content of the tissues was not significantly different in the two groups, except for magnesium, which was increased in the heart of the deficient rats. The manganese content of the liver in the two groups was as follows: controls, 14 ± 3; and deficient rats, 13 + 7 jug per g dry weight. Table IV summarizes the changes in the activities of various enzymes as determined histochemically in the testes, bones, esophagus, and kidneys of the rats representing various groups. The activities of LDH, MDH, ADH, and NADH diaphorase were reduced in the testes of the zincdeficient rats compared to the control (ad libitum and restrictedly fed). In the repleted group, the activities of the above enzymes in the testes were increased. The activities of LDH, MDH, ADH, NADH diaphorase, and alkaline phosphatase in the bones were reduced in the zinc-deficient rats compared to the controls (restrictedly fed and ad libitum). In the repleted group, these enzymes showed increased activities. The activities of MDH, ADH, and NADH diaphorase in the esophagus were decreased in the zinc-deficient rats compared to the controls. Increased activities of NADH diaphorase in the esophagus were noted in the repleted group. In the kidneys, the activities of MDH and alkaline phosphatase were decreased in the zinc-deficient rats compared to the controls. After zinc supplementation, the activities of LDH, MDH, and NADH diaphorase increased in the kidneys. 
Restrictively fed
Tissues such as liver, muscle, heart, lung, spleen, thyroid, and adrenal failed to show any consistent changes in the activities of the above mentioned enzymes in the deficient rats. Figures 3  and 4 show representative examples of histochemical enzyme changes in the testis and esophagus.
No consistent change in the activity of SDH (an iron-dependent enzyme) in the testis, bone, esophagus, and kidney was noted in the different groups of rats (Table IV) .
The routine light microscopic examination of the tissues fixed in 10%o formalin and sections stained with hematoxylin and eosin showed results that were similar to those reported by !Follis, Day, and McCollum (5) and Macapinlac, Pearson, and Darby (20) . Section of the testes of the zinc-deficient rats revealed a marked decrease in the cellularity of all the cells. The esophagus of the zinc-deficient rats showed hyperkeratosis, parakeratosis, and vacuolar changes of the squamous epithelial cells, whereas the kidneys revealed minimal hyaline necrosis of the proximal and distal convoluted tubules.
Discussion
Since the first description of the effects of deficiency of zinc in rats by Todd, Elvehj em, and Hart (4), histological studies of the rat tissues were reported by Follis and associates (5) and subsequently by Macapinlac and co-workers (20) . numbers of basal layer cells containing hyperchromatic nuclei have been described (5) . The testes showed atrophy of the seminiferous tubules, decreased number of cell layers of the germinal epithelium, and the presence of giant cells in the lumen (20, 21) . Marked reduction in the number of spermatozoa was also noted (20, 21) . Examination of femoral-tibial joints in the zinc-deficient rats has revealed narrowing of the epiphyses to approximately half the width of those of the controls (20) . Follis and associates (5) have noted reduction in the proliferative activity of cartilage cells and a decrease in osteoblastic activity, as manifested by a decrease in metaphyseal bone beneath the cartilage plate. Recent reports indicate that zinc has a specific effect on an organic constituent of bone and plays a part in the sequence of events leading to calcification (22) .
The above mentioned reports suggest specific effects of zinc on growth, bones, testes, esophagus, and skin. The results of our studies show that the feed efficiency is reduced in zinc-deficient rats when compared with the restrictedly fed controls. The ad libitum control rats grew at a much greater rate than the zinc-deficient rats. This difference in weight gain can be accounted for partly on the basis of anorexia, which the zinc-deficient rats exhibit; however, from the feed efficiency ratios one may conclude that zinc-deficient rats need more feed to gain an equal amount of weight than rats with sufficient zinc, suggesting metabolic derangements of some type. Diarrhea was not present in the zinc-deficient rats.
Our studies demonstrate that, in the zinc-deficient state, the content of zinc and activities of certain enzymes in the bones, testes, esophagus, and kidneys are decreased. An increase in the zinc content and the activities of the enzymes in the bones and testes were demonstrated after repletion with zinc in our experiments. It therefore seems very likely that the clinical manifestations of zinc deficiency in the rats are related to a de- restrictedly fed control rats; 2 =zinc-deficient rats; and 3 =repleted rats.
crease in the zinc content of the affected organs, inasmuch as the histological lesions are known to reverse on administration of zinc to the deficient animals (20) . Because of the technical difficulties involved, trace metal determinations were not carried out in the skin; therefore, we are unable to correlate the skin lesions with zinc content of the skin in the deficient rats. However, zinc content of hair in animals and man has been reported to decrease during zinc deficiency and increase after repletion with zinc (13, 23) . Copper, magnesium, and calcium contents of the tissues that we investigated were not significantly altered in zinc-deficient rats compared to the restrictedly fed controls, except for the magnesium content of the heart, which was increased in the deficient group. The mean iron content of a majority of the tissues in the ad libitum control rats was less than in the zinc-deficient rats; however, in the restrictedly fed controls this difference was not apparent except in the testes. Growth of the body and organs was decreased in the restrictedly fed control and zinc-deficient rats, compared to the ad libitum control rats, in which the organs were larger. Thus, a decrease in the iron content of the tissues of the ad libitum control rats may have been due to dilutional phenomena. A significant increase in the iron content of the testes in the zinc-deficient rats compared to the restrictedly fed controls suggests competition between iron and zinc in the testes. It is unlikely, however, that increased iron content could have been responsible for testicular hypofunction in zinc deficiency, since in man zinc deficiency with hypogonadism has been noted with severe iron deficiency anemia (10) (11) (12) (13) .
The histochemical methods for dehydrogenases depend on the reduction of a water-soluble tetrazolium salt to a water-insoluble formazan by one of the members of the biological oxidation chain. The nitro blue tetrazolium used in our procedure is a sensitive (high oxidation-reduction potential) indicator in dehydrogenase systems and therefore is regarded as the most satisfactory tetrazolium salt for histochemical determination of dehydrogenases (18). It may not be possible to appreciate minor changes in the enzyme activities with this procedure, however. In our experiments marked changes were observed, as shown in the photographs. Since we were interested in investigating a large number of tissues, the histochemical techniques appeared convenient and reliable.
One may speculate that, in a growing cell, there is a series of apoenzymes, each present at some low concentration and, with normal levels of zinc, the apoenzymes combine with metal, forming functional zinc enzymes. At limiting levels of zinc, however, the apoenzymes behave as a series of ligands, each competing for the available zinc ions according to their stability constants. According to this view, the apoenzymes or ligands with high stability constants will be satisfied first, whereas those with low stabilities will not form functional zinc complexes (24) . The concentration of free zinc ions will decrease progressively as zinc is diluted by continuing growth, but among the 556 apoenzymes or other macromolecular ligands, there will be first one and then perhaps others whose decreasing activities will limit growth. Even when growth stops altogether, we can expect that some of the ligands with the tightest affinities for zinc might still be completely satisfied. This hypothesis can be tested only when the stability constants of at least two such ligands for zinc, including one limiting to growth, have been determined. It must be emphasized that at present there is no evidence to indicate that the enzymes of the rat tissues referred to in this study are zinc metalloenzymes, although they appear to be zinc dependent.
